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(57) ABSTRACT

An integrated optical element and Faraday cup that can mea-
sure charged particle beam currents, manipulate light and
analyze charged particle beam energy distribution. One
boundary of the cup is formed by a lens or other suitable
optical element which can be used for manipulating light
along the axis of the Faraday cup. The surface of the optical
element interior to the cup is coated with a transparent con-
ductor in order to establish the simultaneous functions of
taking charged particle beam current measurements, taking
energy distribution measurements and manipulating light for
such applications as focusing or imaging. A suppressor/
blanker/retarder electrode is designed to eliminate spurious
current signals that can result from production of secondary
electrons by the charged particle beam impinging on the
electrode surface.
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INTEGRATED OPTICAL ELEMENT AND
FARADAY CUP

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH/DEVELOPMENT

[0001] The subject matter of this patent application was
invented by employees of the United States Government.
Accordingly, the United States Government may manufac-
ture and use the invention for governmental purposes without
the payment of any royalties.

BACKGROUND OF THE INVENTION

[0002] 1. Field of Invention

[0003] The present disclosure relates to Faraday cups used
for measuring current in a beam of charged particles and,
more particularly, to an integrated Faraday cup and optical
element that can measure not only charged particle beam
currents and longitudinal energy spread via retarding field
energy analysis, but can also manipulate and transmit light.
[0004] 2. Description of Related Art

[0005] Faraday cups may be used to measure current in a
beam of charged particles. A Faraday cup may include a
conducting metallic enclosure or cup that captures a charged
particle beam in a vacuum. An electrical connection between
the Faraday cup and a measuring instrument may relay the
current to the measuring instrument. Because the charged
particle beam current may be very small, a grounded picoam-
meter may be a suitable choice for current measurement. In
addition, steps may also be taken to stop or reduce secondary
emissions from distorting the current measurement. Such
potentially distortive emissions include secondary electron
emissions.

[0006] An optical element may comprise one or more opti-
cal elements designed to transmit or manipulate light. Fara-
day cups and optical elements or systems are incompatible.
Faraday cups are designed to measure charged particle beam
currents, and are not generally designed to transmit light or
manipulate light. Unlike Faraday cups, optical elements or
systems are designed to manipulate and/or transmit light.
Because Faraday cups are not designed for light manipulation
or transmission, optical applications may not be enabled on
an axis that passes through a Faraday cup.

[0007] Unlike Faraday cups, optical elements are not usu-
ally designed to measure charged particle beam currents or
transmit charged particles. Optical elements are typically
manufactured using optically transparent materials which are
typically insulating and, therefore, incompatible with
charged particles. Accordingly, charged particle beam current
measurements may not be enabled along the axis of an optical
system. Optical elements are generally involved in generat-
ing, propagating, and detecting electromagnetic radiation
having wavelengths within a range between the wavelengths
of x-rays and microwaves.

[0008] In some situations, it may be desirable to simulta-
neously measure beam current and manipulate light along the
same spatial axis. Such dual capabilities or functionalities
may be particularly useful for certain applications, such as
those that incorporate magneto-optical trap based ion sources
(MOTIS). The charged particle source in a MOTIS is a laser-
cooled collection of atoms called a magneto-optical trap
(MOT). Charged particles, including ions and electrons, may
be created in the MOTIS by photo-ionizing atoms in the
MOT. These charged particles may be removed from the
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location of the MOT along an axis defined by an applied
electrical field. Along this axis, ions and electrons may be
emitted in opposite directions. Charged particle beam current
measurements may be taken along this axis.

[0009] Because there is a one-to-one correspondence
between the number of electrons and ions emitted in a
MOTIS, the ion beam current can be determined by measur-
ing the electron beam current. Thus, runtime monitoring of
the ion beam current is possible without interrupting the
operation of the ion beam. This functionality could be used to
generate a control signal for feedback to enhance the stability
of'beam current. The axis defined by the electrical field is also
very convenient for high numerical aperture optical imaging
of the MOT. Also, by focusing the photo-ionization laser
along this axis, the MOTIS can be operated in a “high-cur-
rent” mode which may be particularly useful for creating
small ion beam sources.

[0010] There is a need for a device that integrates the func-
tionalities of a Faraday cup and optical elements by permit-
ting the dual capabilities of beam current measurement, and
light manipulation along the same spatial axis.

[0011] At times, it may be desirable to measure the energy
spread or distribution of a charged particle beam. Energy
spread measurements in a charged particle beam may be
helpful in a number of ways. For example, energy spread
measurements may assist in determining the effects of chro-
matic aberration of a given ion optical system.

[0012] Thereis a need for a device that integrates the func-
tionalities of a Faraday cup and optical elements by permit-
ting beam current measurement, retarding field energy analy-
sis and light manipulation along the same spatial axis.

BRIEF SUMMARY OF DISCLOSURE

[0013] The present disclosure addresses the foregoing defi-
ciencies of the prior art by providing a new device that inte-
grates a Faraday cup and one or more optical elements. In
accordance with one embodiment of the present disclosure,
an integrated system having an optical element and Faraday
cup is provided. The integrated system comprises a Faraday
cup device including a Faraday cup electrode configured to be
held at a first potential, wherein the Faraday cup device fur-
ther includes an enclosure having an aperture configured to
receive a charged particle beam along an axis. The integrated
system also comprises a current measurement device oper-
ably coupled to the Faraday cup device, wherein the current
measurement device is configured to measure a current of the
charged particle beam.

[0014] The integrated system also comprises an optical
element configured to manipulate light along the charged
particle beam axis, and a transparent conductive layer dis-
posed on a part of the optical element interior to the enclosure,
wherein the transparent conductive layer is configured to be
held at substantially the same potential as the Faraday cup
electrode. The part of the optical element having the trans-
parent conductive layer is configured to receive a charged
particle beam.

[0015] In accordance with another embodiment of the
present disclosure, a method is provided for combining the
functionalities of a Faraday cup and optical element along the
same spatial axis. The method comprises the steps of provid-
ing an optical element, and a Faraday cup device, wherein the
Faraday cup device includes a Faraday cup electrode and an
aperture configured to receive a charged particle beam along
an axis. The method also comprises providing a current mea-
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surement device operably coupled to the Faraday cup device,
coating at least part of the optical element with a transparent
conductive layer, and electrically connecting the Faraday cup
electrode and the coated at least part of the optical element.
The method also comprises receiving a charged particle beam
at the Faraday cup electrode and/or the coated at least part of
the optical element.

[0016] These, as well as other objects, features and benefits
will now become clear from a review ofthe following detailed
description of illustrative embodiments and the accompany-
ing drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG.11is anintegrated optical objective and Faraday
cup in accordance with one embodiment of the present dis-
closure.

[0018] FIG.2 is a graphical illustration of electric potential
for the area inside of a Faraday cup device in accordance with
one embodiment of the present disclosure.

[0019] FIG. 3 is a graphical illustration of electric potential
along the axis of symmetry of a Faraday cup in accordance
with one embodiment of the present disclosure.

[0020] FIG. 4 is a schematic of a magneto-optical trap-
based ion source used to provide a charged particle beam in
accordance with one embodiment of the present disclosure.
[0021] FIG. 51is a cross-section view of an integrated opti-
cal objective and Faraday cup as used with a magneto-optical
trap-based ion source in accordance with one embodiment of
the present disclosure.

[0022] FIG. 6illustrates electric potentials appropriate for a
measurement analyzing the energy spread in an incident
charged particle beam in accordance with one embodiment of
the present disclosure.

[0023] FIG. 7 illustrates an example of the apparent energy
spread of an incident beam using the retarding field analysis
described in connection with FIG. 6.

DETAILED DESCRIPTION OF THE
DISCLOSURE

[0024] The integrated optical element and Faraday cup of
the present disclosure is designed to resolve incompatibilities
between Faraday cups and optical elements. Faraday cups are
designed to capture charged particles in a vacuum. Once the
charged particle beam is captured, measurements can be
taken. An example of one such measurement is a current
measurement for the charged particle beam. However, unlike
optical elements, Faraday cups are not generally designed to
transmit light or manipulate it in any specific way. Thus,
optical elements and related applications (such as focusing or
imaging) are not enabled on an axis that passes through a
Faraday cup.

[0025] By contrast, optical elements are generally inca-
pable of measuring charged particle beam currents or trans-
mitting charged particles. Optical elements are generally
composed of optically transparent materials, which may be
insulating and therefore unsuitable for use with applications
involving charged particles. Thus, charged particle beam cur-
rent measurements are not enabled along the axis of an optical
system.

[0026] This new integration of a Faraday cup with one or
more optical elements combines the functionalities of a Fara-
day cup and optical element or elements into a single device.
The integrated device of the present disclosure has a com-
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paratively smaller footprint in that the integrated device
requires less space than the two devices separately. This new
integrated device further permits the functionalities of both
devices to be enabled simultaneously along the same spatial
axis.

[0027] The integrated device of the present disclosure is
suitable for applications in which optical functionalities,
including light manipulation, are desired along an axis pass-
ing through a Faraday cup. Because the integrated device may
act as a Faraday cup, the integrated device may be used to
measure charged particle beam currents.

[0028] In addition, the integrated device may be used as a
retarding field energy analyzer to measure the energy distri-
bution in a charged particle beam. Such energy distribution
analyses may be useful in determining the effects of chro-
matic aberration in a given ion optical system. One boundary
of'the Faraday cup may be formed by a lens or other suitable
optical elements capable of manipulating light along the axis
of'the Faraday cup. A transparent conductor may be applied to
the surface of the optical element interior to the cup. This
transparent conductive layer facilitates the simultaneous
functions of taking charged particle beam current measure-
ments, analyzing the retarding field energy in a charged par-
ticle beam, and manipulating light.

[0029] Referring now to FIG. 1A, illustrated is a cross-
section view of a device that includes an integrated optical
objective and Faraday cup in accordance with one embodi-
ment of the present disclosure. As shown in FIG. 1A, enclo-
sure 100 has a conical interior and a contoured exterior.
Enclosure 100 houses four main components. These compo-
nents are the optical objective/element 110, the Faraday cup
electrode 120, the segmented suppressor/blanker/retarder
electrode 130 and a transparent conductive layer 140. The
enclosure 100 is similar to a Faraday cup structure in that it is
a conductive metallic enclosure having an aperture through
which a charged particle beam 150 can be received by the
enclosure 100 along axial symmetry line 160 of enclosure
100.

[0030] The optical element in the embodiment of FIG. 1A
is a fused-silica aspheric lens 110. Although the embodiment
of FIG. 1A is a lens 110, it should be understood that the
optical element could be any number of optical elements or
optical systems, including systems having one or more
lenses, windows, beamsplitters, Fourier Transform infrared
(FTIR) spectrometers, mirrors, prisms, spheres and wedges,
or any other optical element or system that is capable of being
coated and interfaced with the Faraday cup. Even a simple
glass plate may be sufficient to serve as an optical element.

[0031] Lens 110 can be used to manipulate light along axis
160. For example, lens 110 may be used for imaging, laser-
beam focusing, and other applications incorporating light
manipulation. A transparent conductive layer 140, such as a
layer of indium tin oxide, covers and coats the flat side of lens
110. The transparent conductive layer 140 need only coat the
portion of the optical element onto which the charged particle
beam will pass.

[0032] It may be desirable to electrically couple the trans-
parent conductive layer 140 to the Faraday cup electrode 120.
Accordingly, the coated side of lens 110 may be electrically
coupled to, or situated against, the Faraday cup electrode 120
in order to form the flat side of the conical enclosure 100. In
this manner, the coated side of lens 110 will be held at the
same electric potential as the Faraday cup electrode 120.
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[0033] The conical enclosure 100 is conductive on all parts
of the interior and forms the Faraday cup that enables mea-
surement of charged particle beam current. A charged particle
beam 150 along axis 160 is incident on the interior of the
enclosure 100, and may be collected by the conductive cup
enclosure 100.

[0034] A measurable current may be created by these
charged particles since the Faraday electrode 120 is part of an
electronic circuit. It is often desirable that the current detected
by a Faraday cup truly represent the current of detected
charged particles. Accordingly, it may be desirable to stop
secondary electrons from being emitted from the Faraday
cup. The suppressor/blanker/retarder electrode 130 of FIG.
1A is configured to remove unwanted current signals that can
result from secondary electrons produced when the charged
particle beam impinges on an electrode surface.

[0035] The suppressor/blanker/retarder electrode 130 near
the open aperture of the enclosure 100 may be used to confine
secondary electrons to a region within the enclosure 100 so
that secondary electrons can be re-captured by the interior of
enclosure 100. Secondary electrons may be emitted from an
electrode’s surface when an energetic beam of charged par-
ticles strikes the surface of the electrode. If the secondary
electrons are not collected by the interior of enclosure 100,
spurious currents may be induced in the circuit designed to
measure the current of the incident beam.

[0036] If desired, the suppressor/blanker electrode 130
may be segmented into parts to allow deflection of the ion
beam as it enters the Faraday cup electrode 120. Referring
now to F1G. 1B, illustrated is a front view of the enclosure 100
of FIG. 1A. Segmentation line 170 shows where the two
halves of the suppressor/blanker electrode may be seg-
mented. Referring now to FIG. 1C, illustrated is a top view of
the enclosure 100 of FIG. 1A.

[0037] Referring now to FIG. 2, illustrated is the electric
potential for a typical charged particle beam current measure-
ment application. The electric potential map for an area inside
the Faraday cup device of FIG. 1A is axially symmetric about
a central axis (r=0 meters (m)) for the specified electrode
voltages. The Faraday cup is shown with another accelerating
electrode configured to increase the velocity of electrons or
ions. The accelerating electrode may have been a part of the
apparatus that was the source of the charged particle beam. An
example of such an apparatus is a magneto-optical trap based
ion source (MOTIS). The use of the accelerating electrode is
representative of a typical application.

[0038] The charged particle beam source has potentials on
its lower electrode surfaces of 2050 V and 2000 V. These
potentials are appropriate for accelerating positively charged
particles at the location z=—0.15 m, r=0 m, into the Faraday
cup. In addition, the potentials may be appropriate for accel-
erating positively charged particles at the location r=0.001 m
and z ranges from —0.015 m and 0.01 m. These accelerated
particles may strike the Faraday cup electrode, which is held
at a potential of 2040 V, creating a measurable current. It
should be noted that these currents can be quite small. A
picoammeter may be suitable for measuring such small cur-
rents.

[0039] Thecollision of the positively charged particles with
the electrode surfaces may release secondary electrons. The
secondary electrons may be created at a potential of 2040V
and may have a distribution of energies with the majority of
them having less than 10 eV of energy. In order to prevent the
secondary electrons from escaping the Faraday cup, the sup-
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pressor voltage can be set (in this example 2025 V) to create
a potential which traps the electrons in the cup. It should be
noted that, in lieu of a suppressor/blanker/retarder electrode,
other suppression techniques are known in the art and may be
used. For example, magnetic fields may be used for suppres-
sion. Also by way of example, a very small aperture hole may
be used to receive the charged particle beam; this type of
design has also been used for secondary electron suppression.
[0040] Referring now to FIG. 3, illustrated is the potential
on axis (r=0 m) for the electrode configuration shown in FIG.
2. The operation of the suppression electrode can be seen in
this Figure. The suppression electrode prevents secondary
electrons, produced by the collision of the measured charged
particle beam with the Faraday cup electrode, from escaping
the Faraday cup and introducing spurious current signals.
[0041] The difference between the potential at the Faraday
cup aperture and the potential at the electrode defines a so-
called suppression potential. Secondary electrons created at
the Faraday cup electrode having an energy less than the
suppressor potential may not have sufficient energy to escape
the region inside the Faraday cup and would be re-collected
by the suppressor electrode. Accordingly, spurious currents
resulting from uncollected secondary electrons can be effec-
tively eradicated by applying an appropriate voltage to the
suppressor electrode.

[0042] The integrated device of the present disclosure is
suitable for applications in which optical access and manipu-
lation of light is desired along an axis passing through a
Faraday cup, as in an application that incorporates use of a
magneto optical trap-based ion source (MOTIS).

[0043] The integration of the Faraday cup device and opti-
cal element makes it possible to simultaneously measure
beam current, analyze longitudinal beam energy spread, and
manipulate light along the same spatial axis.

[0044] Referring now to FIG. 4, illustrated is a MOTIS that
can be used to propagate a charged particle beam to the
integrated device of the present disclosure. A magneto-opti-
cal trap (MOT) 410 is created between two electrodes 420,
430. Electrode 430 has a mirrored surface. Electrode 420 has
a fused silica optical flat with a transparent conductive coat-
ing. The MOT includes six laser beams, four of which are
shown. These four laser beams 440, 450, 460, 470 reflect
from the mirrored electrode 430 as shown. Another pair of
MOT beams (not shown) would enter the MOT on a plane that
is perpendicular to the drawing page. The magnetic field of
the MOT is generated by coil pair 475. Anionization laser 480
may traverse the MOT 410 so that ions are produced and
removed through an aperture in electrode 430. The ion beam
490 propagates in a predetermined direction, and may be
detected with an image intensifier 495 as shown. Alterna-
tively, the ion beam 490 may be configured to propagate
toward an enclosure that includes the integrated optical ele-
ment and Faraday cup of the present disclosure.

[0045] Referring now to FIG. 5, illustrated is a cross-sec-
tion view of an integrated optical objective and Faraday cup
as used witha MOTIS in accordance with one embodiment of
the present disclosure. The integrated optical objective and
Faraday cup 510 is shown situated above an upper electrode
520 (also called an upper accelerating electrode or top plate)
and lower electrode 530 (also called a bottom plate). The
charged particle source in a MOTIS is a laser-cooled group of
atoms known as a magneto-optical trap (MOT) 540. Atoms in
the MOT 540 may be photo-ionized by horizontal laser beam
515 and/or vertical laser beam 525 to create charged particles
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in the MOTIS. These charged particles include ions and elec-
trons, and may be extracted from the location of the MOT
along on axis defined by an applied electric field.

[0046] Along this axis, ions may be emitted in an opposite
direction relative to the electrons. Charged particle current
may also be measured from this axis. Recognizing that there
is a one-to-one correspondence between the number of elec-
trons and ions produced ina MOTIS, the ion beam current can
be determined by measuring the electron beam current,
allowing runtime monitoring of the ion beam current without
interrupting its operation. This capability can also be used to
generate a control signal for feedback to enhance beam cur-
rent stability. Also shown in FIG. 5 is a picoammeter 550 used
to measure the charged particle beam current. As shown, the
picoammeter 550 is connected in series with the integrated
device 510 and ground. It should also be understood that the
picoammeter need not be connected in series with the inte-
grated device 510 and ground. The picoammeter or other
measuring device could be operably coupled to the integrated
devices in a number of different configurations which are
known in the art.

[0047] The axis defined by the electric field is convenient
not only for measuring charged particle currents and measur-
ing retarding field energy, it is also convenient for high
numerical aperture optical imaging of the MOT. In addition,
by focusing the photo-ionization laser along this axis, the
MOTIS can be operated in a potentially useful high-current
mode. All of these functionalities are simultaneously enabled
by this invention in a simple and compact way.

[0048] Referring now to FIG. 6, illustrated are electric
potentials appropriate for a measurement analyzing the
energy spread in an incident charged particle beam in accor-
dance with one embodiment of the present disclosure. In this
example, ions are created at the MOT location at a potential of
-1.5V. (Voltage may be negative for electrons/negative ions
or positive for positive ions.) The ions may be accelerated in
the positive z direction between the MOT and upper acceler-
ating electrode which is held at a potential of -13.2 V.

[0049] The curves in the graph of FIG. 6 give potentials
governing the trajectory of the ions in the z-direction for
various voltages applied to the suppressor/blanker/retarder
electrode. The suppressor voltages in the graph of FIG. 6 are,
moving from the bottom curve to the top curve, 0V, 1.0V, 2.0
V and 3.0 V, respectively. As the voltage on the suppressor/
blanker/retarder electrode increases, the height of the poten-
tial barrier for entry into the Faraday cup (held at a potential
ot 0V) also increases. When the suppressor/blanker/retarder
voltage is 3 V, ions created at 1.5 V no longer have enough
energy to enter the Faraday cup and instead are redirected
(near z=-0.2 cm) and begin moving in the negative z direc-
tion.

[0050] In practice, the ion beam will have or acquire an
energy distribution, with some particles having above average
energy and some having below average energy. Thus, the
precise potential applied to the suppressor/blanker electrode
at which these particles are prevented from entering the Fara-
day cup may differ amongst the charged particles. That is, the
suppression will likely also have a distribution of energy.
[0051] Referring now to FIG. 7, illustrated is an example of
the apparent energy spread of an incident beam using the
retarding field analysis described in FIG. 6. On the y axis, the
measured current decreases moving upward along the axis
from about 60 picoamperes toward 0'V. When the suppressor/
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retarder voltage is low, the measured current is maximal as
illustrated by the line with black squares.

[0052] When voltages are high, the measured current is
zero. At intermediate voltages, e.g., between 2V and 5V, a
fraction of the total current is measured, which corresponds to
the integral of all ions which have more than the required
energy for entering the Faraday cup. The derivative of the
measured current is proportional to the energy distribution,
from which the energy spread can be determined full width at
half maximum (FWHM).

[0053] While the specification describes particular
embodiments of the present invention, those of ordinary skill
can devise variations of the present invention without depart-
ing from the inventive concept.

We claim:

1. An integrated system having an optical element and
Faraday cup, the system comprising:

a Faraday cup device including a Faraday cup electrode
configured to be held at a first potential, wherein the
Faraday cup device further includes an enclosure having
an aperture configured to receive a charged particle
beam along an axis;

a current measurement device operably coupled to the
Faraday cup device, wherein the current measurement
device is configured to measure a current of the charged
particle beam;

an optical element configured to manipulate light along the
charged particle beam axis;

a transparent conductive layer disposed on a part of the
optical element interior to the enclosure, wherein the
transparent conductive layer is configured to be held at
substantially the same potential as the Faraday cup elec-
trode, and

wherein said part of the optical element having the trans-
parent conductive layer is configured to receive a
charged particle beam.

2. The system of claim 1, further comprising:

a suppressor/blanker electrode disposed within the Fara-
day cup enclosure, wherein the suppressor/blanker elec-
trode is configured to suppress the outflow of secondary
electrons from the Faraday cup enclosure.

3. The system of claim 2, wherein the Faraday cup device
is further configured to measure the longitudinal energy
spread of the charged particle beam.

4. The system of claim 2, wherein the suppressor electrode
is segmented into substantially equal halves, thus permitting
deflection of an ion beam as it enters the Faraday cup elec-
trode.

5. The system of claim 1, wherein the transparent conduc-
tive layer is composed of indium tin oxide.

6. The system of claim 1, further comprising:

a magneto-optical trap-based ion source configured to pro-

vide a charged particle beam.

7. The system of claim 1, wherein the current measurement
device is a picoammeter.

8. The system of claim 1, wherein the optical element is a
lens, window, beamsplitter, Fourier Transform infrared
(FTIR) spectrometer, mirror, prism, sphere or wedge.

9. A method for combining the functionalities of a Faraday
cup and optical element along the same spatial axis, compris-
ing the steps of:

providing an optical element, and a Faraday cup device,
wherein the Faraday cup device includes a Faraday cup
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electrode and an aperture configured to receive a
charged particle beam along an axis;

providing a current measurement device operably coupled
to the Faraday cup device;

coating at least part of the optical element with a transpar-
ent conductive layer;

electrically connecting the Faraday cup electrode and the
coated at least part of the optical element; and

receiving a charged particle beam at the Faraday cup elec-
trode and/or the coated at least part of the optical ele-
ment.

10. The method of claim 9, further comprising:

suppressing the outflow of secondary electrons from the
Faraday cup enclosure.

11. The system of claim 10, further comprising:

analyzing retarding field energy for the charged particle
beam.
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12. The system of claim 10, wherein the suppressor elec-
trode is segmented into substantially parts, thus permitting
deflection of a charged particle beam as it enters the Faraday
cup electrode.

13. The method of claim 9, wherein the transparent con-
ductive layer is composed of indium tin oxide.

14. The method of claim 9, wherein the charged particle
beam is received from a magneto-optical trap-based ion
source.

15. The method of claim 9, wherein the optical element is
a lens, window, beamsplitter, Fourier Transform infrared
(FTIR) spectrometer, mirror, prism, sphere or wedge.

16. The method of claim 9, further comprising:

measuring the charged particle beam current.

17. The method of claim 9, further comprising:

manipulating light along the charged particle beam axis.
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